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Received: 10 November 2022

Accepted: 2 December 2022

Published: 14 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Optimization of Grinding Process of Sunflower Meal for
Obtaining Protein-Enriched Fractions
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Abstract: In this study, dry fractionation process was proposed in order to obtain protein-enriched
sunflower meal fractions. The process includes two-stage grinding using a hammer mill and a roll
mill, and fractionation of sunflower meal by sieving. Central composite design (CCD) with four
variables on three levels within response surface methodology was applied in order to estimate
the influence of grinding parameters (sieve openings diameter of the hammer mill: 2, 4, and 6 mm,
roll gap: 0.15, 0.2, and 0.25 mm, feed rate: 0.1, 0.175, and 0.25 kg/cm min, and roll speed: 400,
500, and 600 rpm) on responses (protein content, fraction yield and grinding energy consumption).
Sieve openings diameter expressed the highest impact on fraction yield while roll gap expressed the
most dominant influence on protein content in the fraction and grinding energy consumption. The
highest protein content obtained was 48.06%(dm) with fraction yield of 77.22%. A multi-response
optimization procedure was performed and optimal values were: sieve openings diameter of 2 mm,
roll gap of 0.25 mm, feed rate of 0.2 kg/cm min, and roll speed of 400 rpm, while predicted values for
a desired range of responses were: protein content 45.5%(dm), fraction yield 77.89%, and grinding
energy consumption 8.31 Wh/kg.

Keywords: sunflower meal; hammer mill; roll mill; protein content enrichment; optimization

1. Introduction

The world’s population is expected to reach 10 billion people in this century [1].
Following this trend, demands for key agricultural commodities, including proteins of
animal origin, will continue to rise [2]. This may create significant pressure on the fast-
growing livestock sector. Obtaining the high production performance of animals is decisive
and the protein content of feed diets is one of the most important parameters when it
comes to feeding. Soybean meal is the most commonly used source of plant protein in
livestock diet formulations [3]. Due to its high protein content and high-quality amino
acid composition, soybean meal has stood out as a standard compared to other plant
protein raw materials [4,5]. However, a large extent of soy products is often of genetically
modified origin (GMO), while there is a lack of trust in GMO products among customers [6].
Furthermore, due to insufficient production, Europe is forced to import a large part of
soybeans from other parts of the world, which further affects the price of its products [7].
Increased demand and higher prices influence the increasing interest for alternative and
more affordable sources of plant proteins.

Sunflower meal (SFM) is a valuable residual product that is obtained after hexane
extraction of oil from sunflower seeds. Its relatively high protein content and low price
set the SFM as a favourable plant protein source in feed formulations [8]. Composition of
SFM is determined by various factors, such as seed variety, climatic conditions, soil quality,
the degree of decortication during processing, and the entire extraction process [9]. Thus,
the SFM protein content usually varies from 28% to 40% [10–12]. The protein nutrition
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value of SFM is comparable to those of soybean proteins, except in lysine deficiency.
When compared to other oilseeds, it has a higher amount of sulphur-containing amino
acids and less antinutritional factors as well [13–15]. Although SFM is intensively used
in animal nutrition, especially for ruminants [16–18], the high content of crude fibre,
which can range from 14% to 32% [8], is a limiting factor for its wider use in the diet of
monogastric animals [3,19], and it also reduces the energy value of feed [20]. However,
due to the inverse correlation between crude fibre content and crude protein content in
SFM, fibre content could be decreased while protein content is increased at the same time
by removing hulls using different fractionation processes. In order to obtain the different
plant-origin feedstock of improved nutritional quality, conventional wet extractions and
enzyme treatments were used [21–24]. However, the application of both the extraction
and enzymatic methods have different disadvantages, such as the high cost of the process,
harsh conditions which negatively impacts the functionality of ingredient, a huge amount
of water and energy usage, and difficulties in recycling waste streams [25,26]. Due to
the aforementioned shortcomings of wet methodologies, dry fractionation methodologies
appear as “green” and affordable technologies. Namely, these methodologies generate
significantly less waste, drying costs are avoided, and due to milder application conditions,
the native functionality of proteins and other components remains preserved. There are
many published and patented works on the improvement of the nutritional value of
different plant materials using dry fractionation methods [6,27–29]. In addition, many
authors applied these methodologies in order to improve the nutritional quality of SFM
meals [11,30–32]. The similarity in the work of almost all of these authors is that the
treatment of SFM mainly consists of two steps. The first step is grinding of SFM while the
second step is the fractionation of the SFM by sieving, air classification, centrifugal and
electrostatic separation, or a combination of these techniques.

In our previous work [33], a two dry fractionation processes for protein enrichment
of SFM were proposed and compared. The obtained results pointed that, in regard to
relative protein content enrichment and yield of the obtained fraction as well, a process that
combines two-stage grinding and sieving should be the preferred option over the second
studied process that included two-stage grinding and air classification of SFM. The content
of the current paper may be observed as a continuation of that work and the goal of this
research is to scale up the fractionation process from laboratory to semi-industrial capacity
by introducing a Variostuhl roll mill in the grinding step. Two-stage grinding included
hammer pre-grinding followed by fine roll grinding after which stock was fractionated by
sieving operation. Hammer mill provides crushing of agglomerates but is unable to achieve
high level of the separation of the hull and cotyledon particles. On the contrary, roll mills
are once-through type of mills with short retention time and provide much more controlled
grinding operation especially with appropriate selection of various roll parameters (roll
surface, roll gap, feed rate, roll speed, differential etc). By variation of the roll parameters,
it is possible to change the extent of the stress and the relative contributions of compressive
and shearing forces in the grinding zone. The magnitude and the nature of the forces acting
in the grinding zone influence the degree of particle size reduction and energy required
for grinding. Moreover, deformation may be ductile or brittle depending on the applied
stresses and the structural-mechanical characteristic of the particles to be ground [34].
Consequently, the goal of the current paper is to gain better insight into how varying
parameters influence responsive variables and to determine the optimal parameters of the
proved process, which will provide SFM fraction with improved protein content and yield
acceptable at the industrial scale.

2. Materials and Methods
2.1. Raw Material

The batch of 600 kg of SFM was provided from oil plant “Victoria Oil” Šid, Serbia. It
was packed in bags (30 kg each) and 5 bags were randomly selected for the experiment.
For purpose of material homogenization, the SFM mass was mixed in a twin-shaft paddle
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mixer (model SLHSJO.2A, Muyang, Yangzhou, China) for 2 min. The homogeneous SFM
was then placed in plastic storage boxes until the beginning of the experiment.

2.2. Processing

The complete fractionation process of SFM, which includes two-stage grinding fol-
lowed by sieving of ground SFM, was performed at the pilot plant for animal feed produc-
tion of the Institute of Food Technology in Novi Sad (University of Novi Sad, Serbia), and
in the milling laboratory of Faculty of Technology (University of Novi Sad, Serbia).

2.2.1. Two-Stage Grinding of SFM

In order to crush the agglomerates, that are normally present in the SFM produced
in the oil factory, the starting SFM was first pre-ground using a hammer mill (ABC Engi-
neering, Pančevo, Serbia) driven by a 2.2 kW electric motor, with the rotational speed of
2880 rotation per minute and 16 hammers assembled in four rows. The SFM was introduced
into the mill via the feeder (model FlexwWall®Plus FW40-5, Brabender Technologie KG,
Duisburg, Germany) that was temporarily set right above the loading bin of the hammer
mill. The feeding rate (F) was controlled by changing speed of feeder screw and it was set
and kept constant at 75 kg/h. In order to obtain different grinding intensities, sieves with
different openings diameter were used: 2, 4, and 6 mm. Such ground SFM sample batches
were separately collected on the basis of grinding intensity and kept in plastic storage boxes
until the continuation of the experiment.

Second fine grinding step of pre-ground SFM was performed using laboratory roll
mill Variostuhl, model C Ex 2 (Miag, Braunschweig, Germany) equipped with smooth rolls
(100 mm length and 250 mm diameter). The semi-industrial device enables relatively easy
change of grinding parameters in a wide working range. All operating parameters, except
the differential that was kept constant (d = 2), were, according to experimental plan, varied
at three levels: roll gap (0.15; 0.20; 0.25 mm); roll speed (400; 500; 600 rpm) and feed rate
(0.100; 0.175; 0.250 kg/cm min). The upper and lower levels for independent parameters
were chosen based on the results obtained within the preliminary research.

2.2.2. Fractionation of SFM

Fractionation of milled SFM was conducted by use of a Bühler laboratory sifter (Model
MLU 300, Uzwil, Switzerland). Square aperture sieves were fitted with rubber balls in
order to facilitate particle separation and to clean the sieves. Based on the results obtained
in the previous research [33] and average D70 (the value representing the sieve aperture
size where 70% of the particles are smaller than this size) determined for sunflower meals
obtained after fine grinding by roll mill (results are not presented), sieve aperture with size
of 650 µm was used. The assumption was that the value of D70 would provide a good
orientation value for the sieve aperture size that would be used in order to obtain fraction
yields potentially interesting for wider application at the industrial scale. The sieving time
of ground fractions was 3 min, after which sieved fractions were weighed, then collected
into marked plastic bags, and stored until further analysis. Yields of the obtained fractions
were calculated according to equation:

yi =
mi

mt
× 100 (1)

where mi (g) is the mass of ith fraction of the undersize material and mt (g) is the whole
mass of the sieved sample.

2.3. Laboratory Analysis and Responsive Variables

Chemical analyses, and physical analysis of starting and treated SFM, were conducted
in the accredited laboratory FINSlab and Technological laboratory for feed of the Institute
of Food Technology in Novi Sad, respectively.
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2.3.1. Physical Analysis

Bulk density of starting SFM and SFM ground by hammer mill was determined with
bulk density tester (Tonindustry, West and Goslar, Germany). Particle size distribution
(PSD) of samples ground on hammer and roll mill was determined in accordance with the
standard method ISO [35], by sieving 100 g of material through the stock of sieves (3550,
2500, 2000,1250, 1000, 800, 630, 250, 125, 63 µm) using the Retsch AS 200 Control sieving
device (Retsh, GmbH, Haan, Germany). Sieving time was set at 1 min, amplitude at 1.5,
while geometric mean diameter (GMD) and geometric standard deviation were calculated
in order to estimate PSD conforming to A.S.A.E. standard using the equation shown in a
study by [36].

2.3.2. Grinding Energy Consumption

Specific energy consumption of grinding was calculated separately for the hammer
and the roll mill and summed for total specific energy consumption. Required power
used by hammer mill during grinding, for three different sieves (2, 4, and 6 mm), was
measured by use of a Network recorder MC750/UMC750 (Iskra MIS, Kranj, Slovenia).
Power readings, P (W) were recorded every 5 s during the grinding process, except the first
and last 30 s of the grinding process in order to avoid recording the power when the mill
chamber was not fully loaded with material. The average of the recorded values of power
readings, for specific sieve, was used for further calculations. The specific grinding energy
consumption of hammer mill, Eh (Wh/kg), was calculated using the following equation:

Eh =
Ph
F

(2)

here, Ph (W) stands for the average difference in energy consumption of a hammer mill
while working with and without material, while F (kg/h) represents feed rate.

A power measurement device, which is an integral part of the laboratory roll mill,
was used for measuring the power required when the roll mill operates with material and
without. The specific grinding energy consumption of roll mill, Er (Wh/kg), was calculated
according to following equation:

Er =
Pr × t

m × 3600
(3)

where, Pr (W) stands for the average difference in energy consumption of a roll mill
while working with and without material, t (s) stands for a time of grinding measured by
chronometer, while m (kg) represents the weight of the ground material.

Total specific grinding energy consumption, Et (Wh/kg) was determined simply by
calculating the sum of the hammer mill and the roll mill specific energy consumptions:

Et = Eh + Er (4)

In order to calculate total specific grinding energy consumption in relation to obtained
fraction Etf (Wh/kg) after the sieving step, the following equation was applied:

Etf =
Et × 100

y
(5)

where y is yield of the fraction obtained after sieving step, while Et (Wh/kg) has same
connotation as in Equation (4).

2.3.3. Chemical Analysis

Moisture content, crude fat, and crude ash of the starting SFM were determined in
accordance with standard methods ISO [37–39]. Crude protein content of starting meal
and fractionated meal samples (fraction < 650 µm) was conducted according to standard
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method ISO [40]. Crude fibre content in starting SFM was determined according to the
method Ankom, American Oil Chemist’s Society Ba 6a-05 [41] using the Ankom 2000 fibre
analyser (Ankom Technology, Fairport, NY, USA).

2.4. Statistical Analysis

In order to evaluate the influence of varied grinding parameters and to optimize
process conditions, the response surface methodology (RSM) was used. The RSM approach
is suitable for analysing the relations between several independent factors figuring in
the process and their influence on responses of interest important for the investigated
process. An important advantage of RSM is the capability to optimize the multi-variable
system in the investigated experimental domain applying relatively small number of
experiments [42]. This is done first by obtaining a proper response surface model for all
evaluated responses and then determining a set of operating conditions that will keep these
responses in optimal or at least in the desired range. Central Composite Design (CCD) of
28 runs with four independent process parameters at three levels was applied and with four
replicates at the central point to test the lack of fit. Four independent process parameters
with coded levels (−1; 0; 1), were denoted as: A—sieve openings diameter (SOD; hammer
mill parameter) and B—roll gap, C—feed rate, and D—roll speed (the latter three are roll
mill parameters). Observed response parameters were: R1-protein content (<650 µm),
R2-fraction yield (<650 µm), and R3-total specific grinding energy consumption in relation
to obtained fraction (in further work grinding energy consumption—Etf, as calculated by
Equation (5)), The regression analysis was conducted and response variables were fitted to
the polynomial model of second order, which describes relationship between independent
variables and response variables:

R = β0 + β1A + β2B + β3C + β4D + β12AB + β13AC + β14AD + β23BC + β24BD + β34CD + β11A2 + β22B2

+β33C2 + β44D2 (6)

where R is response variable; β0 stand for an intercept; β1 to β44 represent regression
coefficients; A, B, C, and D are the coded levels of input factors. The terms AB, AC, AD,
BC, BD, and CD represent interactions of input factors, while A2, B2, C2, and D2 are
quadratic terms.

Obtained results were subjected to statistical method of analysis of variance (ANOVA)
with the significance levels of 5%, while sum of squares were used to calculate correspond-
ing contributions. ANOVA tables are presented in the Supplementary Materials. The
quality of fit of polynomial model was performed by calculating the coefficient R2, “Lack
of Fit” (LoF) coefficients, and actual vs. predicted plot. The analysis was performed using
the software Statistica 14 [43] and Design-Expert 11 [44].

3. Results and Discussion
3.1. SFM Properties

The chemical composition of starting SFM is presented in Table 1. In the context of
this work, it is noteworthy that determined protein content of SFM corresponds to a level
needed to be categorized as a sunflower meal of second quality [45].

Table 1. Chemical composition of starting SFM.

Chemical Content (%)

Crude protein 36.06 *
Crude fiber 23.66 *
Crude fat 1.04 *
Crude ash 7.13 *
Moisture 7.69

* Results expressed on a dry matter basis.
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Regarding particle size distribution, starting meal consisted of more than 50% particles
larger than 1250 µm. The presence of agglomerates led to the highest percent of particles
larger than 3550 µm (28.8%) in starting SFM and 38% of particles larger than 2000 µm. The
application of the hammer mill was effective in de-agglomeration of SFM for all three sieves
used, since only ground material when 6 mm sieve was used, had a negligible amount of
particles larger than 3550 µm, while with the other two sieves used, there were no particles
larger than 3550 µm. Moreover, the hammer mill managed to reduce the content of particles
larger than 2000 µm in ground material to less than 5% for 6 mm sieve, to approximately
1% for 4 mm sieve, and to less than 1% for 2 mm sieve used. The values for bulk density,
GMD and D70 of starting material and for ground material obtained using sieves with
different SOD, are shown in Table 2.

Table 2. Physical properties of starting and hammer milled SFM.

Bulk Density (kg/m3) GMD (µm) D70 (µm)

Starting SFM 467.90 ± 5.94 c 1193.97 ± 52.79 c 3275.42 ± 278.32 b

SOD 6 mm 419.93 ± 3.45 a 718.02 ± 26.44 b 1133.12 ± 34.56 a

SOD 4 mm 440.93 ± 3.45 b 586.81 ± 2.46 a 956.85 ± 11.73 a

SOD 2 mm 471.37 ± 3.52 c 477.55 ± 0.75 a 765.63 ± 2.96 a

Superscripted letters a, b, and c denote classes from ANOVA.

From the observed data, it can be noticed that changing the SOD of the sieve had a
significant influence on the bulk density of ground material. It was expected that with the
decrease in sieve SOD, the finer material would be gained, and, therefore, the bulk density
of the ground material would increase. The highest value of bulk density was obtained
when the sieve with 2 mm SOD was used (approximately 471 kg/m3), but this value still
did not differ significantly from the bulk density value of starting SFM (approximately
467 kg/m3). This was due to the presence of dense and heavy agglomerates in the starting
SFM, which were completely eliminated by the pre-grinding step on the hammer mill and
the same was reported in the work of [32]. The decrease in SOD used, also influenced the
decrease in GMD of ground meals. The GMD of starting SFM was significantly reduced
from 1193.97 to 718.02 µm, 586.81 µm, and 477.05 µm, for 6, 4, and 2 mm SOD, respectively.
Moreover, it can be noticed from Table 2 that a significant difference exists between D70
values of starting and ground meals. Based on the D70 value for 2 mm (approximately
765 µm), the authors decided to use a sieve with a openings diameter of 650 µm (which was
smaller in size than D70) for the fractionation phase of the experiment since the particle size
distribution of the SFM is expected to be even more reduced after the second step grinding
with Roll mill.

3.2. Fractionation Results

According to the central-composite design, a total of 28 experimental runs were per-
formed and results of targeted responses i.e., protein content, fraction yield, and grinding
energy consumption, are shown in Table 3. Every experimental run was performed in
triplicates and the average results are shown in the table.

Predictive model equations with omitted insignificant regression coefficients are
shown in Table 4. The values of coefficient of determination (R2) and p-values for Lack of fit
are also shown in Table 4. Corresponding R2 coefficients for protein content (0.6286), frac-
tion yield (0.947192537), and grinding energy consumption (0.95) confirmed that applied
models provided appropriate representation of experimental data. The lack of fit testing
confirmed adequacy of model since LoF coefficients for all responses had insignificant
p-values (p > 0.05).
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Table 3. The Face-centred central-composite design and experimentally determined values of targeted
responses: protein content (R1); fraction yield (R2); and grinding energy consumption (R3).

Run A:SOD
(mm)

B:Roll Gap
(mm)

C:Feed Rate
(kg/cm min)

D:Roll
Speed (rpm)

R1:
Protein Content

(%dm)

R2:
Fraction Yield

(%)

R3:
Grinding Energy

Consumption
(Wh/kg)

1 2 0.15 0.25 600 43.45 82.24 11.69
2 2 0.25 0.1 600 44.46 76.79 7.81
3 4 0.2 0.175 600 44.09 71.96 7.85
4 2 0.15 0.25 400 43.17 76.52 12.57
5 2 0.15 0.1 400 43.57 81.87 11.80
6 6 0.25 0.1 600 45.15 68.81 6.67
7 2 0.25 0.25 400 48.06 77.22 8.15
8 6 0.15 0.1 400 44.46 75.16 11.41
9 4 0.2 0.175 500 46.06 74.90 8.62

10 6 0.25 0.1 400 46.83 70.40 6.44
11 6 0.15 0.1 600 46.55 74.35 13.30
12 4 0.2 0.175 500 43.72 71.80 8.85
13 4 0.2 0.1 500 43.99 74.74 8.88
14 2 0.2 0.175 500 42.70 79.38 10.28
15 2 0.25 0.25 600 44.51 76.82 8.93
16 4 0.15 0.175 500 44.64 75.69 11.29
17 6 0.25 0.25 400 46.31 64.62 8.57
18 2 0.25 0.1 400 41.86 80.12 7.80
19 4 0.2 0.25 500 44.40 73.60 9.55
20 6 0.25 0.25 600 47.24 65.60 8.46
21 4 0.2 0.175 400 45.12 74.43 8.83
22 6 0.15 0.25 600 45.48 71.10 12.16
23 4 0.25 0.175 500 44.21 73.41 7.76
24 2 0.15 0.1 600 41.23 79.16 13.03
25 6 0.15 0.25 400 45.84 68.90 11.67
26 4 0.2 0.175 500 45.38 72.47 9.48
27 6 0.2 0.175 500 44.29 72.13 10.00
28 4 0.2 0.175 500 44.12 71.67 10.03

As presented in Figure 1, regression plots demonstrate a good correlation between exper-
imentally obtained values and values predicted by a model for all three observed responses.
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Table 4. Second-order polynomial equations for targeted responses.

Responses

R1 R2 R3

Intercept
β0 44.352331 73.65 9.16
Linear
β1A 1.0632151 * −4.39 * −0.1875
β2B 0.5686975 * −1.73 * −2.13 *
β3C 0.5746007 * −1.38 * 0.2555
β4D −0.1708265 −0.1324 0.1471

Interaction
β12AB −0.2666086 −0.7034 * −0.1252
β13AC −0.3870726 −0.8348 * 0.1325
β14AD 0.2491054 / /
β23BC 0.3558515 / 0.4273 *
β24BD / −0.5457 /
β34CD / 1.06 * −0.192

Quadratic
β11A2 / 1.66 * 1.09 *
β22B2 / / 0.4756
β33C2 / / /
β44D2 0.5013295 −0.8988 −0.7102 *
LoF 0.5178 0.7522 0.7137
R2 0.6286 0.947192537 0.95

* Statistically significant at p < 0.05 (according to ANOVA tables (presented in Supplementary Materials)).

The graphs illustrating the contribution influence of observed input factors on targeted
responses are shown in Figure 2, where with the star are denoted input factors, their
interactions and quadratic terms which expressed statistically significant influence on the
targeted responses.
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For a graphical presentation of the significance and direction of influence of investigat-
ing parameters on targeted responses, one-factor graphs were used (Figure 3). It is worth
noting that in order to reduce the number of graphs, only one-factor graphs for linear terms
of investigated factors, which expressed statistically significant influence, were shown here.
Thus, interaction graphs of observed parameters and their quadratic terms, even though
some of them expressed significant influence on targeted responses, are not presented in
this paper.
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3.2.1. Influence of the Grinding Parameters on the Protein Content

Protein content values varied from 41.23% up to 48.06%(dm) (Table 3). The average
relative protein enrichment of fractions counted for all 28 performed runs was as high as
23.9%. As suggested by p values from ANOVA, linear terms of SOD, roll gap, and feed rate
had a statistically significant impact on this response. As seen in the contribution graphs
(Figure 2c), SOD had the biggest impact (49.9%) on protein content, followed by feed rate
and roll gap, which contributed almost equally to this response (14.6% and 14.3%, respec-
tively). There is an apparent similarity to the second observed response since the roll speed
was also the only investigated parameter that did not express significant influence on frac-
tion yield. Although trend lines had minimum (Figure 3A(d)) and maximum (Figure 3B(d))
value, the influence of the roll speed on the observed response was not significant, and thus
it was not discussed and highlighted. In cases of both responses, SOD was the parameter
that contributed the most while roll gap and feed rate followed. Moreover, by comparing
the one-way graphs for protein content and fraction yield (Figure 3A,B, respectively) it
can be concluded that examined parameters had the opposite impact on these responses.
This was rather expected as these two responses are inversely related, thus parameters
that influenced protein content are supposed to impact the fraction yield too and in an
opposite manner.

Observing the trend of influence, it is evident that with increase in SOD protein
content was also increased (Figure 3A(a)). This is due to the intensity of grinding which
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considerably changed when a sieve with different SOD is applied in a hammer mill. Since
sieving operation is applied in the fractionation phase of this process, the main goal of
the pre-grinding stage is to sufficiently comminute cotyledon particles of the sunflower
meal, while at the same time the sunflower hull needs to be comminuted to a lesser extent
compared to cotyledon particles. In contrast to the roll mill, the hammer mill is not capable
to selectively grind material [46]. Moreover, applying a sieve with a smaller SOD leads to a
greater retention time of material in the hammer mill chamber and unselective comminuting
due to more pronounced friction forces occurring between the material and the hammer
mill sieve. In this experiment, the highest protein contents were obtained when the hammer
mill was equipped with the largest SOD (6 mm). Observing Table 3 and comparing the
parameters setting of runs with the highest protein content obtained (runs no. 7, 10, 11,
17, and 20), it can be spotted that the sieve with 6 mm SOD does not figure only in run no.
7. Although in this experiment sieve with 2 mm SOD was used, the high protein content
obtained was probably a result of milder grinding conditions during the second grinding
step with a roll mill since its parameters, which were roll gap, feed rate, and roll speed,
were set at 0.25 mm, 0.25 kg/cm min, and 400 rpm, respectively.

Regarding the other two parameters roll gap and feed rate, which also expressed
significant influence on protein content, both of them influenced this response in the same
manner. More precisely, increasing parameters level (larger roll gap and higher feed rate)
also led to an increase in protein content. This can be explained by the difference in the
physical properties of the sunflower hull and sunflower kernel. Higher plastic properties of
sunflower hull, allow them to pass through the rollers only pressed and almost intact in size.
On the other side, the brittle cotyledon particles rich in proteins are trapped by and reduced
in size. It is obvious that under the present grinding conditions, SFM exhibits viscoelasticity
when fracturing, a condition intermediate between complete brittleness and gross plastic
yielding. Smooth rolls finish, relatively small differential and small roll gap used, and
consequently under the dominant compressive stresses imposed, the brittle cotyledon
particles rich in protein are being communited to a greater extent compared to tough and
fibrous hull particles which are being flattened. As a consequence of this behaviour, it is
attainable to obtain a relatively high yield of the fraction with increased protein content.
However, by adjusting the roll gap and feed rate at a lower level, it is possible that the
sunflower hull was ground together with cotyledon particles, which resulted in a higher
yield of the fraction and reduced protein content.

3.2.2. Influence of the Grinding Parameters on the Fraction Yield

Fraction yield values (particle size < 650 µm) were in range from 64.6% up to 82.2%
(Table 3). According to p-values from ANOVA results all linear terms of investigated factors
except roll speed, had a statistically significant influence on fraction yield. Moreover, the
interaction of SOD and roll gap, SOD and feed rate, feed rate and roll speed, and the quadratic
term of SOD also had a significant impact on this response. The contribution graph (Figure 2b)
suggests that SOD had the most dominant impact (70.9%) on fraction yield, followed by roll
gap (11.0%), and feed rate (7.0%), which showed only moderate influence.

The trend of influence of SOD on fraction yield can be observed on the one-way graph
(Figure 3B(a)) which indicates clearly that increase in the SOD caused decrease in the
fraction yield. This was rather expected since with the higher grinding intensity (smaller
SOD used) the GMD of particles decreased (Table 2), and thus more particles were able to
pass through the sieve influencing the higher fraction yield. Aforementioned emphasizes
the importance and necessity of the hammer mill grinding in order to crush the present
agglomerates and obtain a higher yield of fractions.

Similar to SOD, the roll gap, and the feed rate, also expressed a significant negative
influence on the fraction yield, yet with considerably lower contributions. This is illustrated
in Figure 3B(b),(c), where it can be seen that the elevation of both of these two parameters led
to the reduced fraction yield. This kind of impact was quite expected, since a decreased roll
gap setting leads to intensifying of the compressive forces in the grinding zone. Moreover,
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it leads to the elongation of the grinding zone causing prolonged grinding action on the
particles. Therefore, with the reduction in the roll gap, greater stresses are imposed, which
increases the number of the fractures and the degree of the particle size reduction [34,47,48].
Regarding the feed rate and its negative influence on this response, it is due to the fact that
when the feed rate was elevated, more particles are at the same time present in the grinding
zone. Therefore compressive and shearing forces are distributed to a greater mass causing
less stress to each of the particles. As a result, less particle size reduction of milled material
is obtained, which leads to decreased fraction yield after the sieving operation. This trend
of influence is in accordance with reported in the papers of many authors [49–52].

Interaction of feed rate and roll speed had also a significant influence on the fraction
yield. Noted influence of the roll speed and feed rate on the sunflower meal fraction yield
was in accordance with the ribbon theory, presented by Perry and Chilton [49]. This theory
predicts that grinding action is proportional to the ratio of these two parameters. With
the increase in the roll speed, feed ribbon spreads out, reducing the load in the grinding
zone. This causes increased grinding action on each particle present in the grinding zone
resulting in higher particle size reduction of the ground material. On the other hand, an
increased feed rate reduces the amount of grinding action any given particle receives since
it is distributed to the greater mass (more material needs to be ground in the same period of
time). Thus, the increased feed rate led to less particle size reduction of the ground material,
lowering fraction yield.

3.2.3. Influence of the Grinding Parameters on the Grinding Energy Consumption

The grinding energy consumption ranged from 6.44 to 13.30 Wh/kg (Table 3). Ac-
cording to the ANOVA results, roll gap expressed statistically significant influence and its
interaction with feed rate. Although the linear terms SOD and roll speed did not express,
their quadratic terms expressed a significant influence on this parameter. Similar could be
concluded from the contribution graph of grinding parameters influencing this response
(Figure 2c). Observed in this graph is a distinctly dominant influence of roll gap (87.5%),
followed by quadratic terms of SOD and roll speed, and interaction of roll gap and feed
rate (3.6%, 1.5%, and 3.1% respectively).

Regarding the trend of influence from the one-way graph (Figure 3C(b)) it can be con-
cluded that, as expected, decrease in the roll gap influenced the increase in grinding energy
consumption. The explanation for this could be due to the higher power requirements of
the roll mill needed in order to surpass the resistance of particles during grinding when
the roll gap is set at a lower level. On contrary, when the roll gap was set to higher levels
power requirements to overcome particle resistance during grinding operation decreased.
Scanlon and Dexter (1986) [50], Scanlon et al. (1988) [34], and Bojanić et al. (2021) [52] also
stated that there was a significant relation between energy consumption and the roll gap.

When it comes to the SOD influence, from the one-way graph it can be seen that
grinding energy consumption first decreased with the increase in SOD from 2 mm to
4.17 mm, then increased with a further enhancement in SOD from 4.17 mm to 6 mm
(Figure 3C(a)). These results were rather expected, considering that values of energy
consumption were values of total energy consumption measured for both grinding devices
calculated and presented in the paper as a sum. As previous authors reported in paper [53],
the variation of the SOD significantly impact the energy consumption of the hammer mill,
lowering the energy consumption when sieves with larger SOD were used. Although less
energy was consumed by the hammer mill, when sieve with the SOD of 6 mm is adjusted,
as result, a sunflower meal with a coarser particle size distribution was obtained. As a
consequence, the roll mill, which follows the hammer mill in the process, required more
energy in order to mill such a mass consisting of much coarser particles. As opposed,
when a sieve with a SOD of 2 mm is applied, the hammer mill uses more energy to
perform grinding action. Still, such a finer ground material obtained after hammer mill
is later easier comminuted by the roll mill rollers causing less grinding energy consumed
during this grinding step. When it comes to the roll speed, its quadratic term expressed
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a statistically significant influence on the observed response. With the increase in the
roll speed from 400 r/min to 510 r/min, grinding energy consumption increased, while
with further increase in this parameter observed response had a slightly decreasing trend
(Figure 3C(d)).

3.2.4. Comparison of the Results with the Previous Research

Many authors applied dry fractionation processes in order to improve the nutritional
quality of SFM meals. A minor review of the previous studies related to dry fractionation of
SFM is shown in Table 5. This table specifies the techniques utilized in these works, starting
protein content of SFM and protein content of enriched SFM, as well as relative protein
enrichment and fraction yield of obtained fractions, and is very suitable to compare results
obtained in current work with previous work related to the same topic. It should be noted
that the authors presented only the results of those works that they considered the most
important in terms of the relative protein enrichment of treated SFM and its fraction yield.
In the papers where the relative protein enrichment or its fraction yield was not clearly
emphasized, the authors calculated those values.

Table 5. Published work related to dry fractionation of SFM and highlighted results.

References Type of Grinding Device
Dry

Fractionation
Technique

Starting SFM
Protein

Content (%)

Improved SFM
Protein

Content (%)

Relative Protein
Enrichment (%)

Fraction
Yield (%)

Lević et al. (1992) [30] No grinding
Centrifugal
screening
with rotor

37.5 43.8 16.8 43.3

Draganov (2015) [6] Hammer mill/Roll mill Sieving 37.5 50 33.4 68.0
Vidosavljević et al. (2019) [33] Hammer mill 38 48.8 28.4 51.2

Laudadio et al. (2013) [31] KMX 300 micronizer

Air classification

34 40 17.6 87.9
Banjac et al. (2013) [54] Conical mill 35.9 40.0 11.1 52.5
Banjac et al. (2017) [32] Hammer mill 35.9 50.9 41.4 11.5

Laguna et al. (2018) [55] SM 300 knife mill and UPZ 100
impact and shear mill

31.3 52.4 67.4 22
31.3 51.2 63.6 30

Vidosavljević et al. (2019) [33] Hammer mill 38 42.9 12.8 56.4

Laguna et al. (2018) [55] SM 300 knife mill and UPZ 100
impact and shear mill

Electrostatic
separation

31.3 61.7 97.1 18
31.3 53.3 70.3 32

Murru and Calvo (2020) [11] Hammer mill/Roll
mill/Disc mill

Gravity
separation 36.5 43 17.8 65

The highest protein content obtained in current work was 48.06%(dm) with fraction
yield of 77.22% (Table 3-run no. 7). When expressing an increase in protein content as a
relative enrichment, relative protein enrichment in this run would be as high as 33.3%.

As mentioned above, the current work represents continuation of the previously pub-
lished study by Vidosavljević et al. (2019) [33]. Thus, one of its goals was to investigate
whether is the proposed process feasible to provide higher relative protein enrichment
and fraction yield than reported in the previous paper. Based on the data in Table 5, it
can be concluded that by implementing the process proposed in the current work higher
relative protein enrichment and higher fraction yield were obtained. When compared to the
previous works of other authors, observations are as follows. Draganov (2015) [6] patented
a multi-step process that included deagglomeration with hammer mills combined with
several subsequent sieving or air sieving steps and managed to obtain high relative protein
enrichment and fraction yield, which is comparable to results obtained in current study.
However, the process proposed in current study requires fewer steps, which could be of
importance when considered in industrial-scale production. Murru and Calvo (2020) [11]
reported that with combination of milling, sieving, and gravity tables it is possible to im-
prove a protein content of SFM to a level close to that of low pro soybean meal. Banjac et al.
(2017) [32] and Laguna et al. (2018) [55] used air classification in order to improve SFM
content and were able to get a relative protein content enrichment as high as 41.4% and
67.4%, respectively. However, yields of obtained fraction reported in the mentioned works
were lower when compared with fraction yields obtained in current study. To the best
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of our knowledge, the highest relative protein enrichment of SFM so far, regarding dry
fractionation methods, is reported in the work of Laguna et al. (2018) [55]. These authors
used a pilot electrostatic separator and were able to obtain a relative protein enrichment
of 97.1% with a fraction yield of 18%. In order to enhance the fraction yield, the authors
performed multiple recycling steps and were able to get a fraction yield higher than 32%,
but relative protein enrichment was consequently reduced to 70.3%. Even though some of
the aforementioned research describe techniques able to provide relative protein enrich-
ments of SFM that are higher than those obtained in this study, still their drawback could
be the high cost of the equipment and low fraction yields that could potentially represent
a limitation for attaining a wider application in the industry. Therefore, process for SFM
improvement proposed in current work can be regarded as a simple, economical process
which does not include many process steps and thus would not require large investments
if implemented on the industrial level. Furthermore, the proposed process are able to be
adjusted in terms of operating parameters, which can be used in order to obtain SFM with
wide range of protein content and fraction yields values.

3.3. Optimization

In this work, multi-response optimization procedure was conducted in order to deter-
mine the best set of grinding parameters (SOD, roll gap, feed rate, and roll speed) which
would be able to provide desired levels of responses (protein content, fraction yield, and
grinding energy consumption). All input factors were held in range and were set to meet
requirements for maximum flour yield, minimum total energy consumption, and to pro-
vide protein content that is not lower than 45.5%(dm). According to Serbian Regulations on
animal feed quality [45], sunflower meal with protein content of 42%(as is) is categorized as
“high protein” sunflower meal of first quality. On the other hand, soybean meal with pro-
tein content of 44%(as is) is categorized as soybean meal of second quality. Considering that
aforementioned Regulations allows permissible deviation of 2% (Article no. 105, Table 57),
and taking into account that the sunflower meal used in this experiment had moisture
content of 7.69%, the authors calculated that achieved sunflower meal protein content of
45.5%(dm) would be sufficient to level up with the soybean meal of second quality. Fraction
yield was maximized aiming to provide value that would be acceptable on an industrial
scale, while at the same time grinding energy consumption was minimized which is of
paramount importance from an economic point of view. Since protein content is observed
as the most important response in this experiment it was given the highest value of the
coefficient of importance (set at 5), while the coefficient of the importance of fraction yield
and total energy consumption was set at 3. Optimization targets and limits for input factor
and responses, and optimization desirability are presented in summary in Table 6.

Table 6. Optimization of the fractionation process: targets and limits for input factor and responses
and desirability.

Grinding Phase Input Factors Target Lower Limit Upper Limit

Hammer mill A: SOD (mm) in range 2 6

Roll mill
B: Roll gap (mm) in range 0.15 0.25

C: Feed rate (kg/cm min) in range 0.1 0.25
D: Roll speed (rpm) in range 400 600

Responses Importance Target Lower limit Upper limit

R1: Protein content (%dm) 5 ≥45.5 41.23 48.06
R2: Flour yield (%) 3 Maximize 64.62 82.24

R3: Grinding energy consumption (Wh/kg) 3 Minimize 6.44 13.30

Optimization result:

Input factors Responses Desirability
(%)

A B C D R1 R2 R3
0.7412 0.25 0.2 400 45.5 77.899 8.307
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The optimized set of input values was determined: SOD of 2 mm, roll gap of 0.25 mm,
feed rate of 0.2 kg/cm min, and roll speed of 400 rpm. Predicted values for targeted
responses were: protein content 45.5%(dm), fraction yield 77.89%, and grinding energy
consumption 8.31 Wh/kg.

4. Conclusions

A dry fractionation process combining two-step grinding and sieving was conducted
in order to improve the protein content of the sunflower meal. The average relative protein
enrichment of fractions performed in all 28 runs suggested by CCD, was as high as 23.9%.
The highest protein content obtained in current work was 48.06%(dm) (fraction yield of
77.22%), which was the highest relative protein enrichment of 33.3%. By running this
process at a proper set of parameters, it is possible to produce protein-enriched sunflower
meal which could be categorized as a “high protein” sunflower meal of first quality (ac-
cording to Serbian national regulations), or even more to increase the protein content of
sunflower meal to a level of the protein content of soybean meal of second quality. The
central composite design was utilized in order to estimate the influence of sieve openings
diameter, roll gap, feed rate, and roll speed on protein content, fraction yield, and grinding
energy consumption. Sieve openings diameter expressed the highest impact on fraction
yield followed by roll gap and feed rate. Roll gap was the only input factor that significantly
influenced grinding energy consumption. The protein content was significantly dependent
on all input factors except roll speed, while roll gap expressed most dominant influence.
With the increase in the roll gap, energy consumption decreased, while the protein content
increased, as a consequence of the change of deformation forces influencing sunflower meal
particles in the grinding zone. Multi-response optimization was performed and optimal
parameters were: sieve openings diameter of 2 mm, roll gap of 0.25 mm, feed rate of
0.2 kg/cm min, and roll speed of 400 rpm. Predicted values for desired range of responses
were: protein content 45.5%(dm), fraction yield 77.89%, and grinding energy consumption
8.31 Wh/kg.

The process for SFM improvement proposed in this work is a simple economical
process that does not include many steps and does not require large investments in order
to be implemented on the industrial level. The proposed process is adjustable in terms of
operating parameters and thus is suitable for the production of SFM fractions with a wide
range of protein content and fraction yields. It could be regarded as an innovation that
current study offers to the oil industry, enabling it to increase the value of the SFM which is
massively obtained as a by-product of oil extraction.

Supplementary Materials: The following supporting information can be downloaded at: https:
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reduction of wheat middlings using response surface methodology. J. Food Sci. Technol. 2021, 58, 1430–1440. [CrossRef]
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